Objectives: Optimal orthodontic force (OOF), important as it is, has generally been addressed at the level of tissue response. This study, for the first time, aimed to investigate its underlying mechanisms at the cellular level. Methods: Human periodontal ligament tissue cells (PDLCs) were three-dimensionally (3D) cultured in a thin sheet of poly-lactic-co-glycolic acid (PLGA) scaffold. The 3D cultured PDLCs were treated with static compressive force of 0, 5, 15, and 25g/cm 2 for 6, 24, and 72 hours, respectively. After that, methylthiazolyl tetracolium assay was done to evaluate the cell proliferation. The target gene expression in PDLCs was investigated through real-time PCR analysis. The conditioned media was collected for enzyme-linked immunosorbent assay (ELISA) assay, and also used for the coculture of osteoblasts and osteoclast precursors. Tartrate-resistant acid phosphatase (TRAP) staining was employed to examine osteoclasts. Results: Compressive force inhibited proliferation of PDLCs in a magnitude-dependent manner. Heavier force upregulated expression of the osteoclastogenesis inducers, including RANKL, COX-2, PTHrP, and IL-11, more rapidly; however in the long run, no significant difference was found among different force magnitudes, either in the expression of osteoclastogenesis inducers by PDLCs, or in the osteoclast formation detected by TRAP staining. Limitations: The results regarding specific force magnitude as OOF should be confined to the present specific model, but not be extrapolated, without caution, to different in vitro models, nor even to in vivo studies or clinical application. Conclusions: Compared with heavier force, lighter force has similar pro-osteoclastogenic whilst less anti-proliferative effects on PDLCs, which provides a novel interpretation for OOF.
Introduction
The nature of orthodontic tooth movement (OTM) is the biological responses of the periodontal tissue to clinically exerted force (1) . Among numerous indicators for the optimal orthodontic treatment, such as tissue damage, relapse tendency, and pain, the rate of tooth movement is of great importance (2) . Although previous studies reported many factors related to the efficiency of orthodontic treatment (3), the most controllable factor in practice to obtain the maximum bioresponse within periodontium is the magnitude of force applied to the teeth (4) .
The currently prevailing interpretation for optimal orthodontic force (OOF) is a force that has to be large enough to overcome the friction within the appliance system so as to exert pressure on the periodontal ligament (PDL), but not too large to cause the so-called hyalinization or sterile necrosis of PDL, which may subsequently European Journal of Orthodontics, 2016, 366-372 doi:10.1093/ejo/cjv052 Advance Access publication 23 July 2015 lead to root resorption (5) . However, after so many decades of endeavour, the magnitude and mechanism of OOF are still under debate. It has been suggested that the force of approximately 200cN optimizes OTM for a long time (6) (7) (8) . Higher force leading to more rapid OTM has been supported by numerous clinical studies (9) (10) (11) . Nevertheless, lower force has also been reported to induce faster OTM (12) . On the other hand, it has been observed that higher stress within PDL may induce more severe root resorption through finite element analysis (13) .
The essential role of PDL in OTM has long been recognized. Ankylosed teeth and implants, both lacking PDL, are unresponsive to orthodontic force (3) . From the cellular point of view, the kernel bioprocess during OTM is elevated osteoclastogenic ability of PDL cells (PDLCs) evoked by mechanical stimulus imposed on them (14, 15) . From a molecular perspective, the expression of osteoclastogenesis-related agents in PDL such as RANKL and OPG plays an essential role (16, 17) .
The previous studies on OOF have largely been addressed at the tissue level. However, either in human researches or in animal experiments, it is very difficult to calculate the real stress and strain loaded on the PDL due to its viscoelastic and non-linear manner (4) and complexity of the force system. Thus, a timecourse investigation on the responses of PDLCs to well-controlled mechanical loading of different magnitudes could help understanding OOF. And at the cellular level, we assume OOF to be a force that can promote osteoclastogenesis but not greatly inhibit cell proliferation.
Among various types of mechanical stimulation in in vitro studies, static compressive stress is the most appropriate to simulate orthodontic force (18) . Compressive force (0.5-3 g/cm 2 ) has been observed to enhance RANKL expression in PDLCs in a PGE2-dependent pathway (19) . PDLCs applied with continuous compressive force (1.76 g/cm 2 ) shows increased IL-6 expression and decreased alkaline phosphatase expression (20) . Recently, it is found that compressive force (2 g/cm 2 ) could promote the PDLCmediated osteoclastogenesis through elevating Adrb2 expression (21) . However, the static compressive force imposed on the PDLCs in conventional two-dimensional (2D) culture has to be very low, usually below 5 g/cm 2 , leaving it difficult to compare the effects of significantly different 'light' or 'heavy' forces (22, 23) . In contrast, cells in 3D culture can stand much larger mechanical forces, and more importantly, the 3D culture microenvironment can enable the cells to respond to the mechanical stimulation transduced from the extracellular matrix in the way better simulating the responses in vivo (18) .
Therefore, in this study, we aimed to investigate the mechanism of OOF at the cellular level by loading static compressive force of different magnitudes on 3D cultured PDLCs, using an in vitro model we previously established (24) (25) (26) .
Methods

3D culture of PDLCs
The PDLCs were 3D cultured as previously reported (25) . Briefly, human PDL cells were obtained using periodontal tissue collected from orthodontically extracted healthy teeth of donators 10-14 years old with informed consent. PLGA(75:25) scaffold, 2 × 2 cm × 300 μm in size with 85% porosity and 80-120 μm average pore size, was synthesized using the solvent casting/particulate leaching technique. The fourth to sixth passages of PDLCs, 10 5 in number, were seeded into a single sheet of PLGA scaffold. Four days after implantation, the 3D cultured PDLCs were stained with acridine orange (0.01%) and observed under fluorescence inverted microscope (Leica DMIRE2) ( Figure 1A ), as well as scanning electron microscopy (SEM, Inspect 
Application of compressive force
Four days after implantation, the 3D cultured PDLCs were applied with compressive force of four magnitudes, i.e. 0, 5, 15, and 25 g/ cm 2 , with the duration of 6, 24, and 72 hours, respectively, using the previously reported 'weight' method (25) . Briefly, a cover glass was placed over the PDLC-PLGA construct, and a glass bottle containing lead granules was put on it.
MTT assay of cell viability
After force application, the PDLC-PLGA constructs were immersed by methylthiazolyl tetracolium (MTT) reagent (Sigma) for 4 hours. After that, the formazan reaction product was collected using dimethysulfoxide (DMSO, Sigma) and transferred to 96-well plate. The optical density (OD) of samples was assessed at 570 nm. 2 , and IL-11 in the conditioned media of the intervened PDLCs was measured using commercial ELISA kit (Sigma) following the manufacturer's instructions. The colour intensity was measured at 540 nm in a spectrophotometer. The protein amount was evaluated in triplicate wells and normalized to standard curves.
Co-culture of osteoblast and osteoclast progenitors
To examine the osteoclastogenic ability, the conditioned media was used for the co-culture of osteoblast and osteoclast progenitors. Rat osteoblast was obtained from the calvaria and long bones of neonatal rats (3 days old) according to a previous study (27) . Rat osteoclast progenitor was obtained through the isolation of hematopoietic precursors from bone marrow cells of rat (28) . The procedure of establishing co-culture system has been reported previously (28) . Briefly, 1 × 10 4 osteoblast per well was seeded to 48-well plate and cultured using supplemented Dulbecco's modified essential medium (sDMEM) containing 10% feotal calf serum, 100 U/ml penicillin,100 mg/ml streptomycin. Two days later, the original media in 48-well plate were removed and the media containing osteoclast precursors (1 × 10 5 ) were added to each well. Two days after seeding osteoclast progenitors, the media was changed by the conditioned media from intervened PDLCs with additional 1 μM PGE 2 (Sigma) and 10 nM 1, 25(OH) 2 D 3 (Sigma). The conditioned media was changed every other day. After 10-day culture, osteoclast was detected using commercial tartrate-resistant acid phosphatase (TRAP) Kit (Sigma) following the manufacturer's instructions. TRAP-positive multinucleated cells were counted as osteoclasts.
Statistical analysis
All data were expressed as means ± SD. The comparison among four groups was conducted by one-way analysis of variance (ANOVA) followed by least significant difference post hoc test using SPSS software of version 13.0. Differences with P ＜ 0.05 were set as significant.
Results
Compression inhibited proliferation of PDLCs
The cell density of 3D cultured PDLCs under compression was shown in Figure 2 . Force of 15 and 25 g/cm 2 showed a significant inhibition of PDLC proliferation compared to the control group (0 g/ cm 2 ) at all the time points. Cell density in the 5 g/cm 2 group was not significantly reduced until 72 hours of force application. Moreover, the cell proliferation in the groups of 15 and 25 g/cm 2 was significantly restrained compared to the group of 5 g/cm 2 .
Compression upregulated osteoclastogenic factors
The mRNA expression of the investigated genes was shown in Figure 3 . Though the specific expression under mechanical loading varied among different factors, the changing patterns were similar. Generally, compressive force enhanced expression of the osteoclastogenesis inducers including RANKL, COX-2, PTHrP, and IL-11. Moreover, heavier force (15 and 25 g/cm 2 ) had prompter effects compared to lighter force (5 g/cm 2 ). However, in the long run (72 hours) the expression of the investigated genes reached a similar level between different magnitudes.
In the ELISA analysis (Figure 4) , the RANKL protein expression was significantly inhibited by compression in a magnitude-dependent manner. The expression of other factors was consistent with the mRNA expression revealed in the RT-PCR assay.
The conditioned media promoted osteoclastogenesis
In all the experimental groups, the conditioned media collected from compressed PDLCs enhanced osteoclast formation (Figures 5 and 6 ). At 6 hours, the number of mature osteoclasts in the co-culture system treated with conditioned media from the 25 g/cm 2 group was significantly higher compared to the 5 and 15 g/cm 2 groups, between which no significant difference was detected. At 24 hours, significant difference was only detected between the 5 and 25 g/cm 2 groups. While at 72 hours, the number of mature osteoclasts was similar among the three groups (Figures 5 and 6 ).
Discussion
The concept of OOF in orthodontic treatment was first raised by Schwarz in 1930s, who proposed OOF to be the force resulting in pressure similar to capillary vessel blood pressure in case of vessel occlusion and the accompanied necrosis (29) . In 1960s, use of light force was advocated due to the finding of cell-free area in PDL (30) . During the following decades, light continuous force was called for in orthodontics, though it was used arbitrarily and lacked scientific evidence (4).
In our opinion, OOF as a complicated connotation, has multiple implications at different levels. In the previous relevant studies, notable efforts have been made to address OOF at the tissue level with histological and morphological observations, which underlines OTM velocity and side-effects like necrosis of PDL and root resorption (4, 13) . In the present study, however, for the first time to our knowledge, we have attempted to interpret OOF directly at the cellular level, using a mechanical loading model on 3D culture PDLCs.
In the previous 2-D culture system, 2 g/cm 2 was usually used (20, 21) and the maximal force used was 5 g/cm 2 (18). Since we were using 3D cultured cells, we supposed that the force magnitudes used be larger than that in the 2D models and be comparable to the clinical orthodontic force. For instance, force of 30-60 g is usually effective to move a single canine (without wire or bracket), and the PDL area of which is about 2.3 cm 2 (31) . Thus, the stress imposed on the PDL is about 10-25 g/cm 2 . Therefore, the force magnitudes of 5, 15, and 25 g/cm 2 are representative and have been used in this study. Furthermore, it should be noted that the so-called 'light' or 'heavy' forces are just relative but not absolute, which might vary between different models. For example, 5 g/cm 2 should be a very heavy force for the 2D culture, whilst 25 g/cm 2 might be a light force for an even stiffer 3D culture scaffold. At the cellular level, a major side-effect might be inhibition of cell proliferation. In the present study, we have found that heavy force exerts more inhibition on cell proliferation compared to the light force (Figure 2 ). It is known that the orthodontic force as an extrinsic mechanical stimulus would not only move the teeth but also rebuild equilibrium through evoking biologic cellular response within periodontal tissues (4, 32) . The inhibition of PDLC proliferation by heavy forces might retard the establishment of the balance for teeth in the new position.
At the cellular level, OTM velocity might be associated with osteoclast formation. In our previous studies, we have reported the upregulation of some pro-osteoclastogenic genes in 3D cultured PDLCs under static compression of 25 g/cm 2 (25) . In the present study, we have investigated their expression under different force magnitudes at different time points, both at the gene and protein level ( Figures  3 and 4) . Generally, osteoclastogenesis inducers (RANKL, COX-2/ PGE 2 , IL-11, and PTHrP) were significantly upregulated, while OPG, an osteoclastogenesis inhibitor, was downregulated. Furthermore, though heavy force seems to initiate these regulations earlier than light force, their effects finally reached a similar level ( Figure 5) . Interestingly, the RANKL protein was reduced in the conditioned media after force application through the ELISA assay (Figure 4) , which was discordant with the RANKL mRNA results (Figure 3 ). It might suggest that the enhanced RANKL mRNA expression mainly leads to the translation of membrane-bound RANKL (mRANKL) while few soluble RANKL (sRANKL) cleaved from mRANKL. This could also explain why direct co-culture of PDLCs and peripheral blood mononuclear cells (PBMCs) could induce mature osteoclasts while indirect co-culture could not (16) .
To further verify the osteoclastogenic potential, we have established a co-culture system of rat osteoblast and osteoclast precursors. The direct contact of osteoclast precursors with osteoblasts or PDLCs has been shown critical for osteoclastogenesis (33) . We have assumed that the pro-osteoclastogenic microenvironment of the conditioned media may enhance osteoclast formation in the co-culture system, and it turns out to be true ( Figure 6 ). Though PDLCs are from a different species (human . The number of osteoclasts in the co-culture systems is significantly enhanced compared to control group. The osteoclasts induced by compression of 25 g/cm 2 is significantly higher than the two other groups (5 and 15 g/cm 2 ) at 6 hours while no significant difference is detected among the three groups at 72 hours. *P ＜ 0.05 versus the control group. rather than rat), it does not affect the effects of the conditioned media, probably due to great homogeneity of proteins between the two species, which is supported by previous studies suggesting the crosstalk between human and rat-derived proteins (34, 35) . It shows that heavy force induces osteoclast formation in a more rapid manner, while the osteoclast total number is similar between light and heavy forces in a long term. This could be a combinatory result of gradually enhanced cellular responses and less proliferation inhibition of PDLCs under light force.
In previous studies, conditioned media from mechanically loaded PDLCs inhibits osteoclast formation (16) , which seems contradictory to our findings (Figures 5 and 6 ). However, it should be noted that, in this study, the conditioned media was used for the co-culture of osteoblast and osteoclast progenitors but not for the latter alone, like in the previous studies (16) . Again, it suggests the importance of direct cellular contact of osteoclast precursors to either osteoblasts or PDLCs in osteoclastogenesis. The direct cell-cell contact may provide a regional pro-osteoclastogenic microenvironment (33) .
Limitations
The study showed that 5 g/cm 2 might the optimal force magnitude; however, this result was only confined to the present specific model, and could not be extrapolated, without caution, to different in vitro models, nor even to in vivo studies or clinical OTM, which can be affected by many other factors.
Conclusion
If only it can overcome the friction in the appliance system, even very slight force imposed on PDLCs elicits similar pro-osteoclastogenic effects whilst less cell proliferation inhibition in the long run, compared with heavier force. These findings have provided novel understanding of OOF and new evidences supporting the use of continuous light force in orthodontic treatment. The translation from present study to orthodontic clinics should be further investigated.
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